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ABSTRACT 


Hot  pressing  of  A1203  with  and  without  LiF  is  described,  and  the 
resultant  bodies  are  characterized.  Addition  of  LiF  significantly  en¬ 
hances  densification,  allowing  dense  bodies  to  be  obtained  at  about 
1100°Cf  which  is  200  to  300°C  lower  than  without  additives.  However, 
the  additives  result  in  exaggerated  grain  growth  even  during  hot  pressing. 
Though  the  fluoride  content  is  reduced,  both  during  hot  pressing  and 
subsequent  annealing,  some  fluoride  remains  which  could  be  detri¬ 
mental  to  some  properties  of  bodies  made  with  LiF.  Some  of  the  prob¬ 
lems  and  defects  of  pressing  are  emphasized  as  an  aid  to  improvingthe 
process.  Particular  attention  is  given  to  the  analysis  of  H20,  C02,  and 
S  impurities  {which  are  probably  present  as  chemically  bonded  anions) 
and  some  of  their  known  and  possible  effects  on  microstructure  and 
behavior  in  materials  made  with  and  without  additives. 


PROBLEM  STATUS 

This  is  an  interim  report  on  the  problem;  work  is  continuing. 
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FABRICATION  AND  CHARACTERIZATION 
OF  HOT  PRESSED  A^O., 


INTRODUCTION 

Hot  pressing  has  improved  the  strength  of  A1203  and  demonstrated  some  of  the 
dependence  of  mechanical  properties  on  microctructure  (1-3).  These  findings  have,  in 
tern,  stimulated  further  use  and  study  of  the  pressure- sintering  process  occurring  during 
hot  pressing  (4-6). 

This  report  presents  the  results  of  a  study  of  hot-pressing  A1203  and  the  character¬ 
ization  and  behavior  of  the  resultant  bodies.  While  the  study  was  not  fully  completed,  it 
supplements  and  expands  other  studies  of  A1203  and  presents  new  results.  One  of  the 
most  important  results  is  the  detection  and  identification  of  gaseous  impurities*  and  the 
demonstration  of  known  and  possible  effects  they  can  have  on  fabrication,  microstructure, 
and  behavior  in  bodies  made  from  some  of  the  most  common  sources  of  A1203  powder 
used  in  research.  This  report  also  provides  a  basis  for  a  study  of  the  strength  and  frac¬ 
ture  of  dense  A1203  (7). 


EXPERIMENTAL  TECHNIQUE 
Materials  and  Fabrication 

The  most  extensively  studied  materials  were  Linde f  A  and  B  powders  (designated 
A  end  B  A1203),  since  they  were  most  commonly  used  by  other  investigators  (1-6). 

Limited  tests  were  also  made  on  three  other  alumina  powders,  designated  as  R  A1203,J 
BM  A1203,§  and  C  A1203.J  The  R  A1203,  reported  to  be  83%  alpha  alumina,  was  supplied 
as-calcined  or  subsequently  ball-milled-  Th<?  as-calcined  materials  were  reported  to 
have  a  particle-size  range  from  0.3  to  10  microns,  averaging  1  to  2  microns,  with  the 
major  impurities  being  0.0023%  Fe20  3,  0-0019%  Si02,  and  0.002%. Na20.  The  ball-milled 
material  was  reported  to  Have  a  somewhat  finer  particle  size,  due  to  the  reduction  of 
calcined  agglomerates,  but  at  the  expense  of  increasing  the  Fe203  and  Si02  impurities 
to  0-0048%  and  0.0184%,  respectively  (9).  The  BM  Ai203  had  been  calcined  at  lOOtTC 
and  had  beep  reported  to  give  mostly  gamma  AI203  with  some  tta  A12Q3.  ”’*th  particle 
sizes  of  50  to  55  A  and  purity  near  99.99%  except  for  a  residual  sulfur  coi..,nt  of  0.42%  (8). 

Reagent-grade  LiF  or  MgO  was  added  to  some  batches  by  ball  milling  for  2  hours  in 
isopropyl  alcohol  o:  cyclohexane  in  porcelain  jars  with  high  alumina  grinding  media. 
Excess  fluid  was  decanted;  then  the  powders  were  dried,  screened  (No.  28),  and  stored 
in  sealed  glass  jars. 


Note:  Most  of  the  data  for  this  report  was  obtained  while  the  autnor  wc«  in  the-  Space 
Division  of  the  Boeing  Company,  Seattle,  Washington. 

*The  term  gaseous  impurities  refers  to  species  such  as  H  20,  COJt  and  S,  which  may  be 
present  as  physically  adsorbed  or  trapped  gases  but  are  more  likely  chemically  bonded 
anions. 

tLinde  Division  of  Onion  Carbide. 

^Reynolds  RC-965,  Courtesy  of  D.V.  Royce,  Jr.,  of  the  Research  and  Development  Divi¬ 
sion  of  Reynolds  Metals  Company. 

SCourtesy  of  J.L.  Henry  of  the  Bureau  ot  Mines  Research  Center,  Albany,  Ore.  (8). 

JAlon  C,  product  of  Cabot  Corporation,  if.  5  High  St.,  Boston,  Mass. 
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Powders  were  cold-pressed  in  graphite  dies  at  about  2000  psi  and  then  vacuum  hot- 
pressed.  Some  specimens  containing  LiF  were  pressed  in  a  hot  press  open  to  the  atmo¬ 
sphere  as  previously  described  (10,11)-  Most  specimens  were  1.5  in.  in  diameter  and 
0-1  to  0.3  in.  thick  (two  or  three  were  usually  pressed  simultaneously  in  a  4-in.  or  6-in. 
die),  but  some  l-in.-thick  cylinders  were  also  made  (one  at  a  time).  The  heating  rates 
for  hot  pressing  were  of  the  order  of  2000°C/hr. 


Testing  and  Analysis 

Bars  (typically  0.23  in  by  0.1  in.)  were  cut  (usually  with  their  width  being  the  thick¬ 
ness  of  the  pressed  disk),  diamond  ground  (320  grit),  and  sanded  (dry,  through  600-grit 
SiC).  After  the  above  machining,  many  specimens  were  annealed  (resting  on  edge  near 
their  ends  on  MgO  single  crystals  in  recrystallized  A1203  trays  inside  99% pure  MgO 
muffles).  All  initial  annealing  was  done  with  a  slow  (2-  to  3-day)  heatup  to  1100°C  with 
any  subsequent  annealings  at  normal  furnace  rates.  Silicon  carbide  resistance-heated 
furnaces  and  a  Zr02-lined  oxygen-natura)  gas  furnace  (used  with  excess  oxygen)  were 
us^  below  and  above  1650°C’,  respectively. 

Analysis  was  genenlly  oy  standard  techniques.  Densities  were  obtained  by  using 
Archimede’s  Principle  (using  distilled  H20)  for  dense  bodies  and  physical  dimensions 
for  very  porous  samples  (3.986  g/'cc  was  used  as  the  theoretical  density  (12)).  Linear 
intercepts  were  taken  as  the  grain  size  from  photos  obtained  near  the  tensile  surface  of 
fractured  bars,  either  on  the  fracture  surface  or  by  limited  polishing  of  the  surface  (for 
some  optical  examination).  Mass  spectrometry  was  performed  with  a  Bendix  time-of- 
flight  spectrometer  using  about  1-g  samples  with  a  tungsten  crucible  for  a  Fmudsen  cell 
(10,13). 


RESULTS  AND  DISCUSSION 
Fabrication  with  2-w/o  LiF  Additions 

Dcnsiflcation  and  Forming  —  Results  of  early  pressing  trials  without  vacuum  and 
later  ones  with  vacuum  for  various  powders  showed  (Fig.  1)  that  there  was  no  substantial 
difference  between  the  densification  of  the  A  and  B  powders  but  that  C  was  clearly  more 
difficult  to  density.  The  data  indicate  that  additions  of  MgO  may  reduce  the  rate  of  den¬ 
sification  some,  that  vacuum  hot  pressing  makes  no  obvious  difference,  and  that  higher 
pressure  mav  be  somewhat  beneficial.  Other  tests  indicated  that  longer  times  increased 
densities  (e.g.,  both  the  A  and  B  powders  with  2-w/o  LiF  gave  about  99% or  more  of  the 
theoretical  density  when  pressed  at  1095°C*  with  5000  psi  for  30  minutes). 

A  trial  back  extrusion  (Fig.  2)  showed  that  A1203  was  somewhat  less  plastic  than 
CaO  (10)  or  MgO  (11)  with  LiF  but  shows  definite  feasibility  of  some  hot  formability  with 
LiF. 

Comparative  sintering  trials  (Table  1)  show  that  LiF  does  enhance  the  sintering  of 
Ai203  but  not  nearly  as  much  as  it  does  for  MgO  (e.g.,  MgO  was  cold-pressed  to  419?  of 
the*  theoretical  density  and  sintered  to  75%  and  94%  of  the  theoretical  density  without  and 
with  2-w/o  LiF,  respectively)  (13). 


’‘•‘Specific  operating  temperatures  were  measured  in  degrees  Fahrenheit  but  are  con¬ 
verted  here  t,j  the  neatest  5°C. 
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Fig.  1  -  Hot  presning  Al^Oj  with  LiF.  Ali  specimens 
were  held  at  pressing  temperature  tor  15  minutes. 


Fig.  2  -  Cross  section  of  Aia03  ■‘■LiF  extrusion. 
The  body  of  A1203  +  0.5%MgOwas  hot  pressed 
with  2  w/o  LiF  at  1850°F  (1010°C)  with  33CG  psi 
for  5  minutes  and  then  cooled.  A  hollow  graphite 
ram  with  a  conical  entrance  replaced  the  solid 
top  ram  for  a  back-exrrusion  trial  at  2000° F 
(1095°C)  with  a  pressure  of  approximately  4300 
psi.  In  15  minutes,  the  flat  disk  filled  the  conical 
cavity  and  iust  started  to  extrude  into  the  approx¬ 
imately  0.4%  diameter  cavity.  Note  the  faint  lines 
indicating  fairly  laminar  flow.  Note  also  the 
black  core. 
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Table  1 

Sintering  A1203  In  Air 


Cold 

Pressed* 

‘^Theo¬ 

retical 

L 

Fired 

Material 

Density 

(g/cc) 

At  1100°C 

At  1300°C 

Fi.ial 

Thickness 

at  1000  psi 

Density 

Density 

(g/cr) 

%Theo. 

Density 

Density 

(g/cc) 

%Theo. 

Density 

(in.) 

A 

4 

0.98 

25 

1.05 

26 

1.09 

“  “ ■  ■■  ■■ 

27 

0.32 

A 

8t 

1.20 

30 

1.21 

30 

1.39 

35 

0.42 

B 

41 

0.55 

14 

0.62 

16 

1.29 

32 

0.45 

B 

8t 

0.83 

21 

0.85 

21 

1.34 

34 

0.36 

A  +2w/o \c 

1.27 

32 

1.49 

37 

1.76 

44 

0.41 

A  +2w/oLiF 

8t 

1.12 

28 

1.74 

44 

1.75 

44 

0.30 

A  +  2w/o  LiF 

12t 

1.10 

28 

1.20 

30 

1.54 

39 

0.39 

B  +  2w/-iLiF 

4 

0.54 

14 

1.03 

26 

1.15 

29 

0.35 

B*2w/oLiF 

4 

(slugged4)§ 

0.64 

16 

1,18 

30 

1.18 

30 

0-42 

B  +  2w/oLiF 

8 

(slugged  4) 

0.87 

22 

1.35 

34 

_ 

1.38 

35 

0.30 

*  Approximately  8  grams  in  a  1. 125-in. -diam  die  gave  die  fills  of  about  1.5  in.  for  the  A 
powder  and  about  2.5  in.  for  the  B  powder. 
fSome  limited  lamination. 

JExtensive  lamination. 

§Powder  pressed  at  4000  psi,  broken  and  repressed,  as  shown. 


Characterization  of  Hot- Pressed  Bodies  —  Specimens  from  the  A  and  B  powders  had 
a  dull,  opaque,  white  appearance  up  to  about  95%  of  the  theoretical  density.  Beyond  this 
limit,  specimens  became  progressively  glossier  (when  ground  or  sanded),  showed  some 
surface  translueency,  and  generally  began  to  show  some  gray-to-blue  tint  and  darker  gr.iy- 
to -black  cores  (Figs.  2  and  3),  Such  cores  were  more  ccmmcn  in  the  specimens  of  B 
A1203,  near  the  bottom  of  the  specimens  (i.e.,  in  a  slightly  cooler  or  slower  heating  area 
of  the  specimen)  and  in  thicker  bodies.  Specimens  from  the  C  powder  were  a  dull,  opaque 
white  at  lower  densities  and  a  light  dull  gray  at  higher  densities  (possibly  somewhat 
grayer  with  MgO  additions). 

Sample  analysis  using  a  lignt  element  detector  on  an  electron  probe  is  shown  in 
Table  2,  indicating  that  while  much  of  the  additive  is  lost  during  hot  pressing,  a  sub¬ 
stantial  portion  of  at  least  the  fluorine  is  retained.  The  lower  relative  increase  in  density 
in  smaller  or  more  porous  samples  on  raising  the  sintering  temperature  from  1100  to 
1300°C  (Table  1)  indicates  a  greater  loss  of  the  fluoride  with  decreasing  size  and  density 
as  expected  and  observed  for  MgO  (13,14)  and  CaO  (10,14).  The  probe  showed  no  obvious 
significant  inhomogeneities  in  the  fluorine  distribution,  but  because  of  the  fine  grain  size, 
this  does  not  mean  that  the  fluorine  was  not  at  grain  boundaries  where  it  is  observed  in 
CaO  (9)  and  MgO  (10). 

The  microst  jcturc  of  specimens  from  both  the  A  and  B  powders  showed  a  duplex 
grain  structure  most  commonly  with  large  tabular  (Fig.  4a)  2nd  sometimes  more  equiaxea 
grains  (Fig.  4b).  In  some  cases,  there  was  some  possible  local  alignment  of  th  •  large 
tabular  grains.  Limited  trials  using  up  to  1-w/o  MgO  additions  showed  no  sign  of  sup¬ 
pressing  this  inhomogeneous  exaggerated  grain  growth. 


2000'*- 

: 


L _ _ _ I 


2000°p 

(1095*0 


(b)  B  Al,  03 

Fig.  3  -  Cross  sections  of  A1203  hot  pressed 
with  LiF.  All  specimens  (approximately  1.5- 
in.  diameter  cross  section)  were  hot-pressed 
at  about  5000  psi  for  15  minutea  (except  the 
last,  which  was  30  minutes)  at  temperatures 
shown  at  the  right.  Note  tendency  for  black 
core  to  be  nearer  the  bottom  (cooler)  side. 


Table  2 

Fluorine  Analysis  by  Electron  Probe 


Powder 

Sample 

Temperature  at 

Approximate  F  Content  (a/o)* 

which  Hot- Pressed 

After 

Subsequent  Annealing 

(°F) 

Hot  Pressing 

to  2150°F  (1175°C) 

f 

A 

■  ■ 

0.59 

0.18 

B 

0.48 

C  .u 

*The  original  level  of  fluorine  addition  was  1.43  a/o. 
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{a)  Large  tabular  grains  (b)  Large  grains  of  more 

equiaxial  structure 

Fig.  4  -  Examples  of  exaggerated  grain  growth  in  Al203  +  LiF  during 
hot  pressing.  Both  occurred  in  specimens  with  and  without  vacuum 
during  hot  pressing. 


Fabrication  Using  A  and  B  Powders  Without  LiF 

Densification  —  All  hot  pressing  without  additions  of  LiF  was  done  in  vacuum.  Powder 
outgassing  varied  considerably  during  heating.  However,  there  were  fairly  consistent  dif¬ 
ferences  between  the  shapes  of  the  outgassing  curves  for  different  raw  materials  as  shown 
by  representative  examples  in  Fig.  5.  The  rate  of  compaction  was  generally  highest  during 
the  latter  part  of  the  outgassing  (Fig.  5). 

Because  of  the  above  outgassing  and  compaction  behavior,  pressure  was  generally  not 
applied  until  a  temperature  of  about  1200oC  was  reached.  However,  if  pressure  was  not 
applied  by  the  time  a  temperature  of  1300  to  1400°C  was  reached,  the  powder  (especially 
B)  would  begin  to  shrink  away  from  the  die  walls  (Fig.  7).  An  unde-sized  and  lower  den¬ 
sity  specimen  normally  resulted  if  substantial  shrinkage  occurred  before  pressure  (e.g., 
5000  psi)  was  applied. 

A  series  of  specimens  was  hot-pressed  (mostly  from  the  same  batch  of  a  given  pow¬ 
der)  for  two  to  five  different  times  under  a  given  pressure  for  given  temperatures;  then 
a  density-temperature-time  plot  was  made  for  that  pressure.  Both  A  and  B  A1203  showed 
quite  limited  scatter  for  achieving  porosities  of  a  few  percent  or  less,  with  scatter  tending 
to  increase  with  increasing  porosity  (especially  for  B  A1203).  Cuts  from  these  curves 
are  shown,  with  supplemental  data  (some  from  other  investigators),  in  Fig.  6,  which  also 
indicates  the  range  of  parameters  investigated.  Data  from  other  lots  generally  agreed 
fairly  well  with  the  data  of  Fig.  6,  but  more  scatter  occurred  with  some  batches  (i.e., 
different  packages,  especially  of  different  Jots).  The  data  for  cylinders  about  1  in.  long 
appear  to  fall  within  the  scatter  expected  from  different  batches  and  different  initiation 
of  ram  pressure.  Dense,  fine-grain  bodies,  having  the  greatest  strength  (100,000  ± 

10,000  psi)  at  room  temperature,  were  obtained  by  hot  pressing  in  the  range  of  1250  to 
1350°C,  with  a  pressure  of  7500  psi  applied  0°  to  50°C  56101*6  the  maximum  temperature 
anJ  held  for  90  to  60  minutes.  Increasing  the  pressure  to  10,000  psi  to  lower  the  tem¬ 
peratures  or  times  ade  no  noticeable  reduction  in  the  grain  size  and  gave  the  same  or 
lower  strengths  (see  Ref.  7  for  strength  data).  Full  pressure  was  reached  as  the  hot- 
pressing  temperature  was  reached  and  then  released  in  a  minute  or  less  at  the  end  of  the 
holding-at  temperature. 


TEMPERATURE  f*f! 


(a)  A  AljOj.  Compaction  is  under  3000  psi  for  most 
of  the  test.,  then  5000  psi,  as  indicated. 


TEMPERATURE  I'F) 


<b)  B  Aij03.  Compaction  is  under  3000  psi. 

Fig.  5  -  Vacuum  outgassing  and  compaction 
of  the  A  and  B  powders.  This  outgassing  is 
after  pumping  overnight.  Both  samples 
were  about  30  grams. 
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Fig.  6  -  Time  versus  temperature  to  achieve 
1%  or  less  porosity  m  hot-pressed  A12Oj 


One  set  of  specimens  fabricated  from  A  A1203  at  1485°C  with  5000  psi  (applied  at 
1315°C)  for  90  minutes  was  translucent  (referred  to  as  A  ).  The  top  specimen  was  com¬ 
pletely  translucent,  but  the  lower  specimen  in  the  die  had  an  opaque,  gray,  lenticular 
area  about  one-half  the  diameter  of  the  disk  approximately  centered  in  the  disk.  Other¬ 
wise,  there  were  no  obvious  inhomogeneities  in  the  densification  of  A  A1203. 

Much  of  the  B  A1203  also  gave  no  obvious  sign  of  inhomogeneous  densification.  A 
few  specimens  fabricated  at  marginal  conditions  (and  usually  near  the  bottom  of  the  die 
where  there  was  some  thermal  gradient)  showed  a  fairly  uniform  transition  from  trans- 
lucency  to  opacity  similar  -Sample  4  of  Fig.  7.  However,  inhomogeneities  in  densi¬ 
fication,  of  which  Samples  8  and  8  in  Fig.  7  represent  a  fair  range,  were  not  infrequent 
with  B  A1203. 

After  hot  pressing  either  A  or  B  powders,  both  the  vacuum  chamber  and  many  spec¬ 
imens  had  a  distinct  sulfur  smell,  which  often  became  quite  strong  with  higher  temper¬ 
ature  pressings.  After  some  of  the  higher  temperature  pressing,  a  yeilow-to-brown 
dust  was  deposited  on  the  upper  rams,  which  decreased  in  quantity  with  distance  from 
the  die. 

Limited  trials  of  A1203  with  MgO  additions  indicated  no  significant  differences  in 
fabrication  due  to  1%  or  less  MgO  additions. 
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(a)  A  AljOj  specimens 
pressed  with  5000  psi 
for  1  5  minutes 
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131  5°C 
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(b)  B  AljOj  specimens 


M)9 


-^B.Th-i3!5°C) 
-GF,.Tc  1400°C 


Fig.  7  -  Cross  sections  ci  AljOj  vacuum  hot-pressed  without  additives.  Figures 
at  the  right  refer  tc  the  temperatures  of  starting  pressure  and  hot  pressing. 
Cross  sections  are  all  1.2  to  1.5  in.  in  diameter.  Note  rounding  of  edges  due  to 
shrinkage  from  the  die.  GA  and  GB  refer  to  green  area t  and  green  bands,  and 
OB  and  TB  refer  to  opaque  and  translucent  bands.  Other  coloration  was  as  seen 
in  the  photos.  Samples  4  through  6  were  pressed  with  10,000  psi  for  90,  60,  and 
5  minutes,  respectively.  Sample  4  was  nearer  the  bottom  of  the  die.  Samples  7  and  8 
were  pressed  with  5000  psi  for  15  minutes.  Note  the  black  areas  in  Samples  5 
and  7  and  many  fine  bands  in  Sample  H  that  had  a  gray-orange  appearance  in  trans¬ 
mission.  BM  AljOj  was  hot-pre3sed  with  5000  psi  for  30  minutes.  Note  that  the 
bands  are  made  up  of  light  green  translucent  patches  and  irregular  edges  due  to 
shrinking  away  from  the  die. 
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Body  Characterization  —  Many  of  the  dense  specimens  had  dense,  glossy,  black  areas, 
which  were  often  lenticular  in  shape  but  were  not  infrequently  irregular  in  B  A1203  (Fig.  7). 
The  largest,  glossiest,  and  blackest  cores  (e.g.,  Sample  5  of  Fig.  7)  occurred  with  dense 
B  Al203  fabricated  at  lower  temperatures  with  the  greatest  (10,000  psi)  pressure.  Black 
or  gray  cores  were  also  frequent  in  A  A1203  bodies,  usually  less  pronounced  in  coloring, 
and  often  with  some  faint  circumferential  banding  (also  sometimes  seen  in  B  A1203),  as 
shown  in  Fig.  7. 

In  addition  to  these  larger  colored  areas,  many  specimens  had  small  gray-to-black 
specks.  These  were  observed  most  commonly  by  grinding  a  surface  parallel  to  the  top  or 
bottom  of  the  pressed  disk.  They  were  visible  to  the  unaided  eye  in  sizes  of  less  titan 
0.01  in.  to  over  0.05  in.  Their  distribution  was  not  homogeneous,  varied  from  specimen 
to  specimen,  and  showed  no  radial  pattern.  Most  appeared  to  be  relatively  thin  and  some¬ 
what  irregular  in  shape.  A  sampling  of  12  disks  showed  that  at  least  8  contained  such 
specks  with  the  number  varying  from  a  few  to  a  hundred  or  more  (e.g.,  in  a  B  A1203 
sample). 

Grain  sizes  of  the  most  dense  A  and  B  A1203  hot  pressed  near  the  parameters  shown 
in  Fig.  6  usually  averaged  about  1  micron;  however,  threefold  variations  over  limited 
dimensions  were  not  uncommon  (Fig.  13).  Generally,  bodies  of  the  finest  (1-micron  or 
less)  grain  size  were  the  least  reproducible.  In  addition  to  approximate  random  varia¬ 
tions,  there  were  sometimes  bands  of  finer  grains  (Fig.  8),  generally  oriented  parallel 
to  the  pressing  surfaces.  Specimens  pressed  at  higher  temperatures  and  longer  times 
had  larger  grain  sizes  (e.g.,  the  translucent  A"  disks  mentioned  earlier  had  grain  sizes 
of  15  to  25  microns).  Hot-pressed  grains,  especially  those  less  than  10  microns,  were 
generally  equ taxed.  Almost  all  porosity  was  at  the  grain  boundaries  in  hot-pressed 
bodies. 

X-ray  analysis  of  B  A1203  bodies  showed  that  no  detectable  gamma  phase  was  left 
after  hot  pressing.  A  few  very  weak,  unidentified  (and  not  always  consistent)  lines  were 
found  in  some  bodies  of  both  A  and  B  A1203. 


Fabrication  with  H  and  BM  A1303 

Trial  fabrication  parameters  and  results  for  R  and  BM  A1203  are  shown  in  Table  3. 
BM-1  and  BM-3  had  clearly  shrunk  away  from  the  die  before  pressure  was  applied  and 
were  not  pressed  back  to  full  contact  (e.g.,  Sample  9  of  Fig.  71.  Some  fine  cracking  near 
the  edge  indicated  that  BM-2  had  also  shrunk  away  from  the  die  some  but  was  expanded 
back  in  contact  with  it,  showing  that  this  fine  powder  begins  rapid  densification  at  lower 
temperatures.  After  hot  pressing  R  AI203,  some  sulfur  smell  was  left  in  the  vacuum 
chamber.  During  the  pressing  of  the  BM  A1,03 ,  even  the  vacuum-pump  exhaust  had  a 
strong  sulfur  smell. 

The  resultant  R  A12G3  bodies  were  an  even  opaque  white,  as  was  BM-2  (Table  2). 
However,  the  other  two  BM  A1203  disks  had  gray  and  green  translucent  bands,  usually 
consisting  of  small,  lenticular  areas.  In  BM-3,  these  were  mostly  in  the  top  of  the  disk 
in  a  central  area  about  0.5  in.  in  diameter,  while  in  BM-1,  they  were  mostly  in  two  bands 
(Fig.  7). 

Crain  sizes  of  the  BM  bodies  average  1  to  1.5  microns.  However,  bands  of  finer 
grains  parallel  with  the  pressing  (ram)  surfaces  were  frequently  observed  (moreso  than 
with  B  A1203). 
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Fig.  8  -  Fine  grain  bands  found  in  some 
hot-pressed  A12Oj  bodies.  Some  were 
in  A  AljOj  bodies,  more  were  in  B 
AljOj,  and  BM  AljOj  appeared  to  have 
somewhat  more  than  B  Ai20>. 


Table  3 

Vacuum  Hot  Pressing  of  R  and  BM  A12Q3 


Specimen* 

Temp,  at  Which 
Pressure  Was 
Started 

Maximum  Ram 
Pressure 
(1000  psi) 

Temperature 
Held  At 

Time  Held 
For 
(min) 

Resulting  % 
of  Theoretical 
Density 

R-l 

2400° F  (1315°C) 

7.5 

2700° F  (1480°C) 

-  - 

15 

- - 1 

94 

R-2 

2400° F  (1315°C) 

10.0 

2400° F  (1315°C) 

60 

93 

R-3 

92 

R-4 

2400° F (131 5°C) 

10.0 

2600”F (1425“C) 

60 

97 

R-5 

2400° F  (1315*0) 

10.0 

2650® F  (1455®C) 

60 

97 

BM-lf 

2400°  F  (1315°C) 

5.0 

2550° F (1400®C) 

30 

55 

BM-2 

2200° F  (1205°C) 

7.5 

2400® F (1315®C) 

60 

85 

BM-3f 

2350°  F  (12S9°C) 

7.5 

_ 

2500® F (1370®C) 

93 

^All  specimens  were  1.5  in.  in  diameter.  R-l  was  1  in.  thick.  All  others  were  about 
0,3  in.  thick.  R-l  was  not  ball  milled;  all  other  R  specimens  were  of  ball-milled 
material. 

tSpecimens  shrunk  away  from  the  die  before  pressure  was  applied  (see  Fig.  7). 


Changes  on  Annealing  Hot-Pressed  Bodies 

Appearance  —  Black,  gray,  and  green  colors  disappeared  progressively  inward  from 
the  fired  surfaces  with  increased  annealing  in  air  above  1200  to  1300°C.  Temperatures 
of  at  least  1600°C  were  required  to  eliminate  the  last  traces  of  color  from  the  center  of 
seme  bars  which  were  about  0.1  in.  thick  and  cut  from  some  of  the  darker  specimens. 

The  resultant  appearance  was  usually  white  and  often  slightly  translucent  (usually  not 
observed  unless  annealing  was  above  about  1600°C).  The  exception  was  R  A1203;  these 
samples  had  a  yellow  tint  (and  often  some  slight  translucency)  after  air  annealing  at 
1650°C  and  higher. 

Many  previously  opaque  specimens  became  slightly  translucent  on  annealing,  but 
previously  translucent  sections  or  pieces  often  decreased  some  in  translucerry  (e.g., 
the  two  translucent  A  ' A120,  bodies). 
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Fig.  1 0  -  Annealing  weight  change  of  Linde  A1,0, 
hot  pressed  with  2-w/c  LiF.  Bars  from  hot- 
pressed  disks  were,  heated. annealed  for  1  hour  in 
air,  cooled,  and  weighed  for  each  temperature 
point.  Points  represent  averages,  vertical  bars 
(or  symbol  height)  represent  the  standard  devi¬ 
ation,  and  sub-(or  Superscripts  represent  the 
number  of  bars.  All  bars  from  the  specimens 
hot  pressed  without  vacuum  are  from  one  hot- 
pressed  disk,  0.1  in,  thick;  the  other  tests  gen¬ 
erally  represent  two  bars  from  each  of  several 
disks  about  0.25  in.  thick. 
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In  a  few  of  the  dense  B  A1203  bodies  with  glossy  black  cores,  bloating  or  blistering 
was  observed  on  annealing  above  1700°C  (14)  (Fig.  0). 

Density  and  Weigh!  —  The  density  of  A  A12G3  bodies,  hot-r:essed  with  2-w/o  LiF 
(wittfor  without  MgO  additions)  without  vacuum,  was  checked  at  various  annealing  tem¬ 
peratures.  Densities  usually  decreased  to  a  minimum  on  annealing  at  about  1300°C* 
Specimens  that  were  85  to  100 %  dense  as  hot  pressed  decreased  the  most  (4  to  7%),  but 
specimens  80  to  90% dense  decreased  some  (2  to  5%).  Further  annealing  to  1500°C  or 
more  raised  densities  to  their  original  levels  or  higher  (especially  for  less  dense 
specimens). 

Weight  changes  with  annealing  temperatu:  _  are  shown  for  some  specimens  hot 
pressed  without  vacuum,  as  well  as  some  hot  pressed  in  vacuum,  in  Fig,  10. 

Specimens  hot  pressed  without  additives  also  changed  their  weight  on  subsequent 
annealing  as  shown  in  Fig.  11.  A  specimen  of  BM  A1203  lost  0.1  to  0.2%  of  its  weight 
during  vacuum  heating  to  about  1800°C  for  mass  spectroscopic  analysis  (see  below). 

Additives  and  impurities  —  Table  2  shows  that  annealing  reduces  the  residual  fluo¬ 
rine  content~of  bodies  made  with  LiF  but  that  measurable  amounts  remain.  This  loss  of 
additive  is  supported  by  the  greater  weight  losses  of  specimens  made  with  LiF  (Fig.  10) 
than  without  (Fig.  11).  However,  the  losses  shown  in  Fig.  10  are  greater  than  the  loss 
of  LiF,  showing  that  other  material  is  also  lost.  This  was  corroborated  by  mass  spec¬ 
trometry  (of  A  A1203  +  LiF  bodies),  which  showed  outgassing  to  be  due  to  H20  and  C02 
evolution  as  maximums  of  about  400°  and  1200°C,  respectively,  were  reached. 

These  same  gases  were  evolved  from  specimens  hot  pressed  without  LiF,  though 
the  quantities  were  generally  lower  and  the  temperatures  higher  (Fig.  12).  Some  species 
of  mass  34  were  found,  which  was  attributed  to  H23.  Mass  spectrometer  analysis  of 
samples  of  A  and  B  A1203  powder  showed  all  of  these  same  species  to  be  present  in 
greater  quantities  than  in  the  pressed  bodies.  Addition  of  a  small  amount  of  graphite 
dust  to  the  powder  increased  the  amount  of  H2S  released.  Since  these  analyses  by  the 
author,  Sellers  and  Niesse  (15)  have  further  analyzed  some  a1203  powders  for  sulfur 
(Table  4). 

A  mass  spectrometer  analysis  of  a  BM  Ai203  body  (BM-3  of  Table  3)  showed  both 
mass  34  and  33  (H2S  and  HS)  coming  off  to  at  least  600°C  and  H2G  coming  off  strongly  to 
at  least  1000°C,  with  traces  still  observed  at  higher  temperatures.  Some  C02  was  also 
evolved  to  about  8Q0°C,  while  CO  and  C  reached  a  maximum  evolution  at  about  1600°C. 
While  the  lower  temperatures  of  the  H2S  and  HS  evolution  (especially  compared  to  A  AI203) 
may  be  partly  due  to  the  lower  density,  the  marked  difference  in  temperatures  and  tne 
limited  difference  in  density  suggest  that  the  sulfur  of  the  BM  A1203  is  held  less  tena¬ 
ciously.  This  is  probably  one  of  the  reasons  that  the  much  greater  starting  sulfur  content 
does  not  result  in  a  proportionally  greater  retained  content. 

The  occurrence  of  these  gases  in  larger  quantity  in  the  r  Parting  powder  indicates 
that  most  or  all  of  them  in  hoi-pressed  bodies  are  left  from  the  original  powder,  A!203 
powders  are  commonly  derived  from  sulfates,  usually  hydrated  ammonium  aluminum 
sulfates  (e.g.,  A,  B,  and  BM  A1203).  Hot  pressing  in  graphite  probably  reduces  the  sulfate 
to  the  sulfide  which  reacts  with  H20  to  form  H2S  (16).  The  greater  release  of  H2S  from 
A1203  powder  with  graphite  powder  supports  this.  H20  can  come  from  residual  water  of 
crystallization  or  from  the  atmosphere,  which  is  probably  one  of  the  sources  of  tne  C02 
(17),  though  some  C02  might  come  from  reaction  with  graphite  dies. 
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(a)  A  AljOj 


(b)  B  Alj  Oj 


(c'l  R  Ai^ 


Fig.  11  -  Annealing  weight  changes  of  A1j03  vacuum  hot 
pressed  without  additives.  Bars  cut  from  hot-pressed 
disks  were  annealed  in  air  at  each  temperature  for  l 
hour,  cooled,  and  weighed  before  firing  again.  Each 
point  represents  the  average  change  of  weight  after  firing 
from  its  previous  weight;  vertical  bars  show  one  stan¬ 
dard  deviation,  and  subscripts  the  number  o.'hars.  Less 
variation  occurred  with  bars  from  the  same  pressing. 
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Fig.  12  -  Mass  spectrometer  data  for  hot-pressed  Linde  A  AljO,.  Net  out- 
gassing  {from  Knudsen  cell),  background  subtracted  (vertical  bars  represent 
variation  in  background). 


Table  4 

Surface  Area  and  Sulfur  Analysis  Results 
on  Alumina  Powders 


Powder 

Surface  Area 

(na2/g) 

Sulfur  Content 
(w/o) 

Linde  A  Lot  l  ^26 

16.52* 

0.02* 

Linde  A  Lot  1 354 

16.60,  17.C2* 

0.02* 

Melier  Lot  16873-43 

16.30* 

0.02* 

Linde  “B”  (0.C6  ?) 

Lot  1136 

79.8* 

0.05,  0.06* 

Melier  (0.05  ?) 

Lot  16874-44 

93.2,  95.8* 

0.54,  0.56* 

BM  A1203  (1000°C  calcine) 

0.42t 

■  ■  , 

^Courtesy  of  Dr.  William  Rhodes,  AYCO  Corp., 
Lowell,  Mass.  (13). 
tSee  Ref.  6. 
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Fig.  13  -  Grain  growth  in  annealed,  hot-pressed 
Alj  03  .  Specimens  of  A  and  B  A1j03  were  hot- 
pressed  without  additives  and  then  annealed  in 
air  for  lhour.  Vertical  bars  represent  the  stan¬ 
dard  deviation,  and  subscripts  represent  the 
number  of  specimens  {where  no  bar  is  shown  for 
more  than  one  specimen,  deviation  is  smaller 
than  the  symbol).  A  and  B  for  specimens  hot- 
pressed  per  curves  of  Fig.  6,  A'  specimens 
pressed  for  longer  times  (at  the  higher  temper¬ 
atures).  A  single  A'  value  of  29  microns  at 
4.79  is  not  shown  due  to  crowding. 


Microstructure  —  Grain  growth  of  A  and  B  A1203  bodies  is  shown  in  Fig.  13-  The 
translucent  A  specimens  pressed  fc  r  longer  times  at  higher  temperatures  than  shown  in 
Fig.  6,  which  had  some  limited  nonequiaxial  grain  structure  as  hot  pressed,  showed 
some  limited  increase  of  this  structure  on  annealing.  The  remainder  of  the  specimens 
fabricated  by  the  curves  of  Fig.  6  showed  very  distinct  exaggerated  grain  growth  on 
annealing  (Fig.  14).  This  growth  often  occurred  inhomogeneously  (e.g.,  in  patches,  espe¬ 
cially  at  temperatures  below  1600  to  1700°C)  and  seemed  to  be  somewhat  more  prevalent 
near  the  surface.  It  was  most  commonly  observed  to  have  begun  in  dense  B  A1203  bodies 
about  1400  to  1450°C  anc.  about  1500  to  1550°C  in  dense  A  A1203  bodies,  though  there 
could  be  considerable  variation  (e.g.,  Fig.  14).  The  most  extreme  cases  of  this  grain 
growth  were  observed  in  a  few  dense  B  A1203  bodies  with  dense,  black,  glossy  cores 
(Fig.  15),  with  extremely  large  grains  occurring  in  the  core  area. 

Surface  scratches  left  from  sanding  dense  A  and  R  A1203  bodies  were  slower  in 
annealing.  Remnar.ts  oi  scratcnes  were  still  readily  observed  microscopically  on  the 
surface  of  soma  of  these  bodies  even  after  annealing  at  1800cC  or  more,  though  sub¬ 
stantial  annealing  (e.g.,  rounding)  was  often  observed  by  1500  to  1600°C  (Fig.  16).  BA1203 
bodies  showed  easier  annealing  of  scratches,  e.g.,  substantial  annealing  by  1400cC,  but 
temperatures  of  1600°C  were  often  required  for  fairly  complete  annealing.  Such  easier 
annealing  of  scratches  could  result  from  the  greater  quantities  of  gaseous  impurities  in 
these  bodies  leading  to  enhanced  surface  diffusion. 
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Fig.  14  -  Exaggerated  grain  growth  in  annealed 
bodies  of  dense  hot-pressed  Al?  Oj 


-  0.2" 


Fig.  15  -  Large  grains  in  the  core  area  of  a  3  Al2  03  body 
(specimen  fracture  surface) .  The  specimen  (from  the  same 
disk  as  the  specimen  of  Fig.  10)  was  annealed  at  33C0°F 
(18I5°C).  Note  that  much  of  the  region  previously  cov¬ 
ered  by  a  black  core  (Sample  5  of  Fig.  ?)  is  now  approx¬ 
imately  3  grains  which  are  in  the  order  of  1000  times  the 
surrounding  grains.  These  large  grains  contained  some 
porosity. 
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(a)  Optica'  photo  of  a 
specimen  after  3250°F 
(I790°C)  anneal 


(b)  Optical  photo  of  an¬ 
other  specimen  after 
2800°F  (lb-tOoQ anneal 


**  IQu 


(c)  Electron  micrograph  of  same 
specimen  as  in  (b) 


Fig.  16  -  Microscopic  observation  of  scratches 
from  600-grit  sanding  of  dense  A  A1203  after 
annealing 


Besides  the  obvious  changes  of  porosity  with  observed  density  changes,  there  were 
two  trends  in  porosity.  The  first  trend  was  for  larger  pores  to  often  appear  at  the  grain 
boundaries  (Fif .  17),  especially  in  some  dense  bodies  made  without  additives.  The  num¬ 
ber  and  size  of  these  pores  often  tended  to  increase  with  increasing  annealing  tempera¬ 
ture,  at  least  for  temperatures  of  approximately  1500°C  or  more.  At  the  higher  tem¬ 
peratures  (e.g.,  over  1700cC),  such  grain  boundary  pores  often  began  to  merge,  sometimes 
forming  channels.  In  the  extreme  (e.g.,  in  some  areas  of  the  translucent  A'  specimens), 
a  large  section  of  a  grain  boundary,  or  even  ar.  area  of  several  grains,  would  apparently 
become  one  continuous  pore.  However,  the  occurrence  of  such  porosity  was  highly  non- 
uniform,  with  some  areas  of  some  specimens  developing  a  substantial  number  of  pores, 
and  others,  few  or  none.  Most  of  the  resultant  porosity  was  either  not  substantial  or 
extensive  enough  to  make  obvious  changes  in  densities.  Some  of  these  larger  pores  may 
have  formed  by  the  consolidation  of  smaller  pores,  sometimes  with  a  net  reduction  of 
porosity,  as  indicated  by  cases  of  increasing  translucency.  However,  the  variations,  as 
well  as  substantial  cases  of  decreasing  translucency  and  some  definite  increase  in  poros¬ 
ity,  indicate  that  much  of  this  porosity  was  due  to  losses  of  gaseous  impurities.  The 
inhomogeneity  of  the  resulting  porosity  therefore  reflects  in  part  the  inhomogeneity  of 
such  impurities. 

The  second  trend  in  porosity  was  for  some  pores,  especially  finer  ones,  to  be  trapped 
inside  of  growing  grains  (Fig.  17).  Thus,  there  was  clearly  a  trend  from  much  (usually 
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(a)  Fracture  surface.  Note  the  pores  and  chan¬ 
nels  on  the  grain  boundary  surface  in  the  top 
portion.  Terraces  are  apparently  not  fracture 
marks  but  probably  contouring  due  to  surface 
diffusion  where  the  grain  boundary  apparently 
parted  during  annealing.  Note  the  finer  ingrain 
porosity  and  its  effect  on  transgranular  fracture 
in  the  lower  portion. 


(b)  Joined  pores,  containing  one  or  more 
small  dots  (protrusions  into  pore)  in 
most  pores 


—  -  IC/j. 

Fig.  17  -  Porosity  in  annealed  dense  A1203  bodies 


most)  of  the  porosity  being  at  grain  boundaries  in  the  finest  grain  specimens  to  much 
(sometimes  most)  of  the  porosity  being  within  grains  of  large  grain  bodies.  The  latter 
was  somewhat  more  frequent  in  annealing  specimens  starting  with  fine  grain  size  and 
fine  porosity  (e.g.,  specimens  not  pressed  to  quite  full  density).  This  also  occurred  in 
annealing  specimens  made  with  LiF,  especially  at  higher  temperatures.  Such  trapping 
of  porosity  also  occurred  to  some  extent  as  a  result  of  grain  growth  during  hot  pressing. 
The  extreme  exaggerated  grains  noted  above  in  B  Ai203  also  had  many  trapped  pores. 

Spriggs  et  al  (2)  and  Passmore  et  al  (3)  noted  that  their  most  dense  A1203  specimens 
increased  in  porosity  by  1  to  3%  on  annealing.  This  must  clearly  be  due  to  gaseous  impu¬ 
rities  rather  than  anisotropic  grain  growth  which  they  suggested  (2).  The  greater  amount 
of  porosity  generated  in  their  specimens  is  attributed  to  the  lack  of  both  vacuum  hot 
pressing  and  a  very  slow  initial  annealing  cycle  after  hot  pressing. 
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GENERAL  DISCUSSION 
Fabrication 

Without  LiF  —  Application  of  Mangsen  et  al  (18)  parameters  for  the  Mackerzie- 
Shuttleworth  (19)  equation  for  the  densification  of  A  A1203  to  99%  of  theoretical  density 
predicts  densification  times  of  50  to  several  hundred  percent  longer  than  shewn  in  Fig.  6. 
The  data  of  Crandall  et  al  (20),  showing  near  theoretical  density  at  times  in  the  order  of 
10  minutes  for  temperatures  over  1500°C,  are  also  substantially  longer  than  in  this  work; 
however,  their  lower  pressure  (2000  psi)  and  larger  grain-size  material  (12  micron) 
probably  account  for  much,  if  not  all,  of  this  difference.  Gardner  et  al’s  (21)  parameters 
of  1500cC  at  6000  psi  for  4  hours  for  hot  pressing  quite  translucent  B  A1203  are  clearly 
extreme.  However,  they  give  no  indication  of  having  attempted  to  minimize  any  of  these 
parameters.  Their  grain  size  of  10  to  30  microns  is  consistent  with  the  long  pressing. 

Data  of  Spriggs  and  Vasilos  (1)  (with  a  heating  and  pressing  cycle  similar  to  the  author’s) 
at  2500  psi,  are  shown  for  comparison  in  Fig.  6.  While  their  data  (also  on  A  A1203)  show 
wider  scatter,  which  is  probably  due  to  the  lack  of  vacuum  hot  pressing  and  to  different 
lots  of  material,  it  is  roughly  consistent  with  the  expected  shift  due  to  lower  pressure. 
Their  results  cl  99.2  to  99.3% of  theoretical  density  at  1450°C  for  30  minutes  on  other 
powders  (including  B  A1203)  with  4000  psi  show  good  agreement  with  the  present  data 
(i.e.,  slightly  longer  times  for  somewhat  lower  pressure). 

Rossi  and  Fulrath  (5),  also  using  A  A1203,  observed  an  end-point  density  in  as- 
received  powders,  contrary  to  the  present  observations.  This  was  attributed  to  trapping 
gaseous  Impurities  (they  assumed  H2O)  within  pores.  In  view  of  the  fact  that  they  applied 
their  pressure  at  800°C  and  the  outgassing  data  of  Fig.  5,  such  trapping  of  gaseous  impu¬ 
rities  is  not  surprising.  Their  low  pressing  temperatures  (1200  and  1250DC1  may  also 
have  contributed  tG  this.  They  reported  that  treatment  of  the  powder  by  immersion  in 
isopropyl  alcohol,  then  vacuum  drying  for  40  nours,  removed  this  problem,  since  their 
densification  data  would  then  extrapolate  to  zero  porosity.  However,  since  there  are 
lot-to-lot  variations  (as  shown  in  this  work),  their  treatment  may  have  been  conducted 
on  ■‘better-than-average”  powder. 

Several  resuTs,  though  not  exactly  comparable,  suggest  that  further  evaluation  of 
their  treatment  is  necessary.  First  is  the  tenacity  of  the  adsorbed  species,  as  shown 
by  the  present  mass  spectrometry  on  both  powders  and  bodies  hot  pressed  at  higher 
temperatures.  This  tenacity  is  also  shown  by  Rossi  and  Ful rath’s  estimate  of  a  mono- 
layer  of  H20  still  covering  15%  of  the  surface  of  A  A^O^  at  1250°C  (with  only  2  to  5% 
needed  to  inhibit  final  densification).  Second  is  the  fact  that  other  gaseous  impurities  or 
gas-producing  species  are  present  which  may  not  be  affected  by  their  treatment.  Third 
is  the  fact  that  the  authors'  use  of  isopropyl  alcohol  in  milling  MgO  additions  (but  no 
vacuum  drying)  had  no  significant  effect,  nor  did  Fryer  (6)  observe  benefits  from  first 
treat-ig  the  powder  with  isopropyl  alcohol  and  then  vacuum  outgassing  at  350°C.  However, 
Fryer’s  application  of  pressure  earlier  in  the  hot-pressing  cycle  (at  359°C)  may  have 
trapped  gases  that  would  have  come  off  before  Rossi  and  Fulrath’s  application  at  800°C. 
Also,  such  a  treatment  may  not  be  applicable  to  gamma  and  delta  aluminas,  since  they 
may  contain  H20  in  the  lattice  (to  temperatures  of  at  least  1100  to  1200°C)  (22).  On  the 
other  hand,  Rossi  and  Fulrath’s  time  of  300  minutes  to  achieve  about  98%  of  theoretical 
density  at  1200°C  with  5000  psi  is  substantially  shorter  than  expected  from  the  present 
work.  Variations  with  different  lots  and  some  effect  of  earlier  application  of  pressure 
would  appear  to  explain  only  part  of  this  difference,  go  their  treatment  may  warrant 
further  investigation. 

The  present  results  and  the  above  discussion  clearly  show  that  the  relationship 
between  outgassing  and  the  application  of  pressure  must  be  an  important  consideration 
in  hot  pressing.  However,  as  results  ’  ith  the  B,  and  especially  BM,  A1203  show,  finer 
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powders  often  start  to  shrink  away  from  the  die  at  relatively  lew  temperatures  so  some 
compromises  may  be  necessary  with  such  materials.  (The  fact  that  inhomogeneitiea 
occurred  in  bodies  that  did  shrink  away  from  the  die  as  well  as  in  those  that  did  not 
clearly  shows  that  they  are  not  due  to  die-wall  friction.) 

The  latter  two  powders  clearly  show  that  the  approach  to  final  densification  can  be 
quite  inhomogeneous.  The  effect  of  gaseous  impurities  on  final  densification  is  indicated 
by  (a)  the  greatest  inhomogeneity  being  in  powders  (B  and  BM)  with  the  greatest  content 
of  gaseous  impurities  which  appear  to  be  inhomoreneously  distributed  and  (b)  the  occur¬ 
rence  of  the  densest  areas  in  the  interior  of  the  body  where  temperatures  are  lower  (at 
least  initially)  and  greater  retention  cf  such  impurities  is  expected.  Gases  trapped  in 
more  porous  areas  (e.g.,  pressing  laminations)  would  tend  to  inhibit  densification  in  that 
area,  which,  if  not  initially  of  a  laminar  lenticular  shape,  would  become  so  under  pres¬ 
sure.  Some  of  the  gaseous  impurities  might  be  stabilized  as  nondecomposing  liquids 
(under  pressure)  which  could  lead  to  liquid-phase  sintering  as  may  be  the  case  in  MgO 
(11)  and  CaO  (10),  where  final  densification  has  often  been  seen  to  begin  internally.  Even 
without  this,  the  expected  Al2  S3  should  be  a  liquid  above  1100°C  (14)  and  might  lead  to 
some  liquid-phase  sintering.  Any  area  with  a  liquid  phase  would  also  take  on  a  lenticular 
or  laminar  shape  under  pressure,  so  either  would  be  consistent  with  the  observed  len¬ 
ticular  and  laminar  inhomogeneities.  The  lack  of  explosion  in  pressing  A1203.  in  con¬ 
trast  to  their  occurrence  in  MgO  (11)  and  CaO  (10),  is  probably  due  more  to  the  slower 
densification  of  A1203  and  possibly  a  slower  rate  of  release  of  gaseous  impurities. 

Recently,  Gazza  et  al  (22)  observed  that  the  time-temperature  data  presented  in  this 
report  were  similar  to  the  final  densification  parameters  for  their  hot  pressing  of  another 
gamma  Al2Oa.  The  present  work,  as  well  as  comparison  with  Gazza  et  al  (23),  shows 
that  if  there  is  any  enhanced  densification  due  to  pressing  through  the  gamma-alpha 
transition,  it  is  relatively  small  or  very  sensitive  to  pressing  parameters. 

With  LiF  —  Densification  is  clearly  enhanced  with  LiF,  especially  in  hot  pressing. 
While  the  mechanisms  cannot  be  explicitly  identified  from  the  present  work,  it  is  observed 
that  enhanced  interparticle  sliding  and  liquid-phase  sintering  are  probably  involved.  First, 
the  lack  of  easy  plastic  flow  in  A1203  indicates  that  the  observed  limited  extrusion  must 
be  primarily  due  to  enhanced  grain  boundary  sliding.  Second,  pressing  is  above  the  melting 
point  of  LiF,  so  a  l’quid  phase  would  be  present  and  A120»  is  clearly  soluble  in  cryolite 
(AIF3  -3NaF)  and  related  fluoride  melts  that  may  result  from  any  LiF-Al203  reaction. 
Kainarskii  et  al  (24)  have,  for  example,  noted  that  the  addition  of  2%  A1F3  to  A1203  pow¬ 
ders  used  for  welding  A1203  bodies  together  by  hot  pressing  lowered  the  temperature 
needed  by  200  to  300°C  (from  1500°C). 


Characterization 

Impurities  —  T  e  gray  and  black  discoloration,  both  homogeneous  and  inhomogeneous, 
thougffonly  occasionally  reported  (15,25),  is  known  to  have  been  observed  in  a  number  of 
investigations  and  is  thus  not  unique  to  the  author’s  experimental  procedure.  This  coloring 
has  often  been  casually  assumed  to  be  due  to  slight  carbon  contamination.  However,  while 
this  may  be  the  cause  of  some  of  this  discoloration,  it  does  not  appear  to  be  consistent 
with  much  of  the  observed  discoloration.  Specifically,  black  coloration  from  carbon  con¬ 
tamination  sl^uld  be  less  at  lower  temperatures  rather  than  greater,  as  observed,  and  it 
should  be  least  at  the  center  of  the  body  rather  than  greatest.  It  is  also  difficult  to  under¬ 
stand  the  green  and  orange  colors  observed  in  the  bodies  on  the  basis  of  carbon 
contamination. 

On  the  other  hand,  the  observed  discoloration  could  arise  from  the  retention  of  anion 
impurities,  such  as  OK*,  C03"“,  SO*--,  since  greater  quantities  of  these  or  reductions 


of  them  (e.g.,  S"")  should  remain  in  the  center  of  the  body  and  with  the  lower  temperature 
hot  pressing.  Various  degrees  of  solution,  precipitation,  and  reduction  could  well  cause 
the  observed  variety  of  colors.  Recently,  ’or  example,  orange  discoloration  has  been 
reported  in  translucent  hot-pressed  MgAl204  due  to  reduction  of  S  impurities  to  colloidal 
S  (26)  corroborating  the  previously  discussed  reduction  of  S  compounds  in  hot  pressing. 

(The  author  has  also  observed  similar  black  cores  as  well  as  more  and  larger  black 
spots  in  dense  hot-pressed  MgAl204  bodies.)  The  greater  occurrence  of  such  discolor¬ 
ation  in  B  powders  with  more  gaseous  impurities  from  lower  calcining  also  supports  this. 

Some  cf  these  powders  are  listed  as  having  only  200  to  300  ppm  impurities.  However, 
this  is  based  on  only  cation  analysis  and  thus  shows  the  dangers  in  only  having  incomplete 
analyses.  Further,  since  the  evolution  of  CO?  from  hot -pressed  bodies  may  well  be 
simply  due  to  retention  of  part  of  this  contaminant  from  the  powder,  detection  of  carbon 
in  spark-source  mass  spectrometry  is  not  conclusive  proof  of  carbon  contamination  from 
graphite  dies. 

That  an  observable  amount  of  such  gaseous  impurities  can  be  retained  from  the  starting 
powders  is  not  surprising  when  one  considers  the  tenacity  of  the  last  monomolecular  layer 
of  such  impurities  (5,10,13,14),  the  rapid,  relatively  low-temperature  densification,  and  the 
difficulty  of  diffusing  released  gases  out  of  such  fine  powders  (10,11,14).  Both  atmospheric 
contamination  and  its  tenacity  are  shewn  by  Scott’s  (27)  observation  of  bubbles  in  sapphire 
bicrystals  welded  together  by  vacuum  hot-pressing  two  single  crystals  together.  The 
bubbles  are  located  on  remnants  of  fine  polishing  scratches,  pits,  and  depressions  and 
contain  gas  that  was  adsorbed  on  the  surfaces  of  the  crystals  despite  heating  in  vacuum 
to  1500°C  prior  to  pressing.  This  is  corroborated  by  McRae’s  (28)  observation  of  H20 
and  0O2  and  rented  species  (e.g.,  H2  and  CO)  being  given  off  in  vacuum  annealing  of  both 
single  and  polyc  -ystailine  A1203  to  temperatures  over  1400° C.  It  is  also  supported  by  the 
difficulty  of  wearing  away  such  films  by  friction  in  vacuum  (29). 

While  the  finer  powders  (from  lower  temperature  calcining)  retain  much  higher  quan¬ 
tities  of  at  least  some  of  these  impurities  (e.g.,  see  Table  3  and  Refs.  3  and  8),  they  do 
not  retain  proportionately  as  much  in  the  hot-pressed  state.  This  is  probably  due  to  the 
conversion  to  alpha  A1203  with  its  lower  absorption  of  foreign  materials  (30)  and  grain 
growth  during  hot  pressing  (since  resultant  grain  sizes  are  about  the  same). 

The  varied  weight  changes  with  firing  suggest  that  a  number  of  changes  may  occur 
at  different  temperatures.  The  general  similarity  between  these  curves  (Fig.  12)  for  the 
different  aluminas  suggests  that  these  variations  are  real.  The  fact  that  changes  to  tem¬ 
peratures  of  at  least  1800°C  is  corroborated  by  mass  spectroscopic  analysis  and  observed 
bloating  in  some  bodies  that  had  dark  black  cores.  The  cause  of  this  bloating  only  at 
these  high  temperatures  cannot  be  completely  determined  from  the  present  data.  However, 
the  demonstrated  preser"1  of  S,  possibly  in  the  form  of  Al2f  ,  suggests  this  is  at  least 
part  of  the  cause,  sine  does  not  volatilize  significantly  until  temperatures  are 

over  1550°C  (16). 

Microstructure  —  The  addition  of  LiF  clearly  results  in  exaggerated  grain  growth, 
but  it  cannot  be  determined  whether  this  is  due  directly  to  the  LiF  or  to  the  reaction  of 
either  Li  or  F  with  the  A1203.  The  inhomogeneous  nature  of  such  growth  suggests  that 
some  critical  concentration  or  some  other  impurity  is  necessary  for  such  growth. 

The  greater  occurrence  of  laminar  .  -ads  of  different  grain  structure  in  B  and  BM 
A1203  which  showed  translucent  bands  of  the  same  orientation  suggests  that  these  are 
related.  This  would  be  expected  since  less  porous  (e.g.,  translucent  areas)  should  have 
faster  grain  growth.  Caseous  impurities  could  also  be  a  factor  in  such  a  relationship, 
since  grain  growth  would  be  inhibited  by  trapped  gases  and  either  inhibited  or,  more 
likely,  accelerated  by  liquid  phases.  The  change  in  grain  growth  in  the  1400  to  1600°C 
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range  may  also  be  due  to  changes  in  these  impurities,  since  this  appears  to  approximately 
correlate  with  a  change  in  weight.  The  occurrence  of  the  extremely  exaggerated  grain 
growth  of  Fig.  16  in  some  black  core  areas  and  the  possible  relation  of  these  cores  to 
gaseous  impurities  also  suggest  that  the  exaggerated  grain  growth  might  be  due  to  such 
impurities.  One  possibility  is  that  a  critical  concentration  of  A12S3  causes  excessive 
grain  growth.  Thus,  on  heating  to  temperatures  of  1700  to  1800oC,  such  a  concentration 
could  occur  somewhere  on  the  inside  of  the  body  as  the  impurity  is  volatilized  from  the 
surface  areas  with  resultant  outward  migration.  The  possible  effect  of  gaseous  impu¬ 
rities  on  exaggerated  grain  growth  is  also  shown  by  its  generally  occurring  at  lower  tem¬ 
peratures  in  B  A1203  and  higher  temperatures  at  which  the  grain  growth  of  B  A12Q3  changes 
slope.  King’s  (31)  observation  of  idiomorphic  grain  growth  only  in  specimens  hot  pressed 
at  lower  temperatures,  where  more  gaseous  impurities  would  be  retained  also,  could  be 
due  to  such  impurities.  His  observation  of  a  faster  etching  of  grain  boundaries  also  may 
well  be  due  to  such  impurities  at  the  boundaries  rather  than  residual  stress. 

The  lower  rate  of  grain  growth  of  specimens  fabricated  at  higher  temperatures  (A' 
of  Fig.  13)  is  probably  primarily  due  to  approaching  an  equilibrium  grain  size  at  a  given 
hot-pressing  temperature  so  that  a  somewhat  higher  annealing  temperature  is  needed  for 
further  substantial  grain  growth.  The  so.tter  of  A'  specimens  is  believed  due  mainly  to 
porosity  effects.  King  (31/  also  observed  ..hat  higher  annealing  temperatures  were  needed 
for  grain  growth  in  specimens  hot-pressed  at  higher  temperauires. 

Smoother  areas  of  fracture  (7)  suggest  cleavage  of  grains  of  limited  misorientation. 
This  could  result  from  local  texturing  as  a  result  of  limited  press  forging  (32)  due  to 
shrinkage  of  the  powder  compact  away  from  the  die  prior  to  application  of  pressure. 

Such  forging  and  local  orientation  could  be  enhanced  by  gaseous  impurities  aiding  grain 
boundary  sliding,  since  this  appears  to  be  important  in  forging  A1203  (32b  and  32c). 

Pears  and  Starrett  (25),  in  addition  to  also  observing*  discoloration  of  dense  Linde 
A  A1203,  likewise  observed  many  similar  microstructural  variations.  These  variations 
included  (a)  typical  grain-size  variations  of  one-  to  three-fold,  (b)  inhomogeneous  exag¬ 
gerated  grains  of  up  to  25  to  50  times  the  surrounding  grains,  (c)  banding  of  some  of 
these  grain-size  variations,  (d)  oriented,  lenticular  patches  of  exaggerated  grains,  (e)flat 
featureless  areas  of  fracture,  and  (f)  patches  of  fine  pores,  clustered  on  a  grain  boundary, 
or  scattered  over  regions  of  many  grains  (but  still  at  grain  boundaries)  in  regions  of  fine 
grains.  The  greater  extremes  of  some  of  these  variations  are  reasonable  in  view  of  the 
much  larger  size  (12  in.  by  12  in.  by  1-1/8  in.)  hot-pressed  bodies  supplied  to  them,  since 
this  larger  size  would  have  longer  heating  times,  greater  thermal  gradients,  and  retain 
more  gaseous  impurities  to  accentuate  these  variations. 

While  lower  temperature  annealing  may  remove  much  of  the  damage  from  sanded 
surface,  some  remnants  of  the  damage  remain  to  relatively  high  annealing  temperatures 
in  contrast  to  the  much  easier  annealing  observed  in  MgO  (13)  and  CaO  (10).. 


SUMMARY  AND  CONCLUSIONS 

The  addition  of  LiF  to  A1203  significantly  enhances  densification  during  hot  pressing: 
e.g.,  dense  bodies  can  be  pressed  at  temperatures  of  the  order  of  1100eC  with  5000  psi 
for  15  to  30  minutes  from  either  gamma  or  alpha  A1203  with  2-w  o  LiF.  Such  bodies 
also  show  considerable  formability  at  low  strain  rates.  However,  while  the  additive  or 
products  thereof  are  reduced  in  botn  hot  pressing  and  annealing,  measurable  qualities 


*  Actual  observations  made  by  Capt.  L.  L.  Fehrcnbacher. 
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remain,  which  could,  for  example,  be  detrimental  to  high-temperature  strengths.  The 
additive  leads  to  exaggerated  grain  growth  during  hot  pressing,  which  limits  strengths 
(7).  Another  important  limitation  is  the  retention  of  gaseous  impurities  which  result  in 
variable  increases  in  porosity  on  limited  annealing. 

Hot  pressing  of  gamma  and  alpha  A1203  without  LiF  requires  temperatures  a  few 
hundred  degrees  higher,  with  no  significant  difference  between  the  two  aluminas.  Tem¬ 
perature,  time,  and  pressure  are  clearly  shown  to  be  interchangeab  .  Some  translucent 
specimens  were  obtained,  indicating  that  if  any  end-point  density  exists,  it  is  very  close 
to  theoretical  density.  Though  hot  pressing  in  vacuum  and  delaying  the  application  of 
pressure  as  long  as  possible  (without  allowing  excessive  shrinkage  away  from  the  die) 
appeared  to  limit  the  effects  of  gaseous  impurities,  some  were  still  retained,  generally 
inhomogeneously,  in  small,  variable  quantities  in  the  resultant  bodies.  They  may  be  a 
major  factor  in  the  powder  variations  observed  and  may  also  cause  inhomogeneities  in 
final  densification  and  resultant  microstructures. 

Mass  spectroscopic  analysis  showed  H20,  C02 ,  and  H2S  were  often  given  off  to 
variable  temperatures,  sometimes  to  near  the  melting  point,  indicating  considerable 
tenacity.  This  is  corroborated  by  weight-loss  data,  which  suggests  that  a  series  of 
changes  may  occur.  Much,  and  possibly  all,  of  these  impurities  are  due  to  contami¬ 
nation  of  the  starting  powders.  They  result  in  some  generation  of  porosity,  can  lead 
to  high-temperature  bloating,  and  apparently  affect  grain  growth.  They  are  also  probably 
an  important  factor  in  mechanical  properties  indirectly,  by  affecting  microstructure,  and 
directly,  b7  reducing  intergranular  bonding  (7). 

Clearly,  variable  quantities  of  gaseous  impurities  tre  trapped  in  hot  pressing  A1203. 
While  many  of  their  effects  are  speculative,  some  are  beyond  doubt.  Since  their  contents 
1  ive  not  been  analyzed,  or  even  recognized  in  most  previous  work,  care  is  required  in 
using  such  data,  and  more  work  is  needed  on  their  effects,  especially  on  mechanical 
properties.  More  important,  however,  is  the  reduction  of  such  impurities.  Since  they 
come  mostly  from  the  powdeiS  rather  than  the  dies  or  pressing  environment,  improved 
treatment  or,  more  likely,  preparation  and  handling  of  such  powders  are  needed. 

While  various  problems  in  hot  pressing,  especially  in  the  reproducibility  and  homo¬ 
geneity  of  resulting  bodies,  particularly  at  the  finest  grain  sizes,  have  been  studied  and 
emphasized,  hot  pressing  is,  nevertheless,  still  a  very  useful  process.  Identification  of 
the  problems  and  their  probable  or  known  causes  should  lead  to  further  improvement. 

Use  of  the  present  techniques  and  materials  has  given  dense  specimens  with  fine  grain 
sizes  which  have,  for  example,  shown  strengths  as  high  as  125,000  to  150,000,  100,000 
to  115,000,  and  55,000  to  65,000  psi  at  -196°,  22°,  and  1315°C,  respectively  (7),  indicating 
that  further  improvement  could  be  quite  rewarding. 
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13  ABSTRACT 


Hot  pressing  of  A1203  with  and  without  LiF  is  described,  and  the  resultant 
bodies  are  characterized.  Addition  of  LiF  significantly  enhances  densification, 
allowing  dense  bodies  to  be  obtained  at  about  1100*C,  which  is  200  to  3Q3°C  lower 
than  without  additives.  However,  the  additives  result  in  exaggerated  grain  growth 
even  during  hot  pressing.  Though  the  fluoride  content  is  reduced,  both  during  hot 
pressing  and  subsequent  annealing,  some  fluoride  remains  which  could  be  detri¬ 
mental  to  some  properties  of  bodies  made  with  LiF.  Some  of  the  problems  and 
defects  of  pressing  are  emphasized  as  an  aid  to  improving  the  process.  Particular 
attention  is  given  to  the  analysis  of  H20,  C02 ,  and  S  impurities  (which  are  probably 
present  as  chemically  bonded  anions)  and  some  of  their  known  and  possible  effects 
on  microstructure  and  behavior  in  materials  made  with  and  without  additives. 
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